Abstract Plasticity at synapses between parallel fiber (PF) and Purkinje neurons (PN) is widely accepted as a cellular model for certain forms of cerebellar learning. Although PF-PN synapses are known to express bidirectional longterm plasticity at the postsynaptic site, long-term plasticity at the presynaptic site is currently limited to potentiation of the synapses. In this paper, we report on presynaptically expressed PF long-term depression (preLTD) that is observed when presynaptically expressed PF long-term potentiation (preLTP) is pharmacologically prevented. PF preLTD is most efficiently induced by 4 Hz PF stimulation and requires activation of cannabinoid CB1 receptors. Our results indicate that, during preLTD induction, endocannabinoids are released in an NMDA receptor-dependent, but not mGlu1 receptor-dependent, fashion. We conclude that bidirectional plasticity mechanisms exist for both presynaptic and postsynaptic components of cerebellar learning.
Introduction
The Marr-Albus model of cerebellar function was among the first to postulate variable synaptic weights in a concrete synaptic pathway (the parallel fiber-Purkinje neuron [PF-PN] synapse) as a way to implement a specific memory function, cerebellar learning [2, 29] . Subsequent theoretical and experimental work demonstrated that efficient synaptic weight-based memory storage requires bidirectional learning rules [5, 28] . The PF-PN synapse has been a powerful system to explore many of these predictions. The first form of PF-PN long-term plasticity to be described on the basis of experimental data was "cerebellar LTD" that is based on a heterosynaptic mechanism (conjunctive climbing fiber and PF activity) and that is expressed as a reduced postsynaptic response to synaptically released PF transmitter [19, 20, 25] . In line with the theoretical quest to identify bidirectional plasticity mechanisms, postsynaptic expression of PF-PN LTP was discovered and characterized [11, 23, 24] . Presynaptic expression of PF-PN LTP (preLTP) had already been demonstrated some years before [38] . We recently provided evidence for an NMDA-NO pathway in preLTP that suggested a heterosynaptic mechanism with activation of interneurons [33] . However, the complementing LTD at the presynaptic site (preLTD) has, to date, remained elusive.
In this paper, we describe and characterize preLTD. We used optical recordings of PF presynaptic calcium transients in combination with electrophysiological methods to directly assess the presynaptic expression and mechanism of preLTD. PreLTD can be efficiently induced with 4 Hz PF stimulation and is prevented by an endocannabinoid CB1 receptor antagonist. Along with our recent results on preLTP [33] , a scheme emerges where the induction of presynaptic PF-PN plasticity is mediated by humoral factors (endocannabinoids and NO) that may be released from molecular layer interneurons.
Experimental methods

Slice preparation
All experimental procedures were conducted in line with the RIKEN guidelines and were approved by the RIKEN Animal Experiments Committee and RIKEN Safety Center. Cerebellar slices were prepared from adult (4-6 weeks old) transgenic mice expressing the fluorescent protein calcium sensor GCaMP2 [13, 14] or from standard laboratory ICR mice. Animals were deeply anesthetized with halothane and decapitated. The cerebellum was dissected and placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 3 KCl, 1 MgSO 4 , 2 CaCl 2 , 1 NaH 2 PO 4 , 25 NaHCO 3 , and 10 D-glucose bubbled with 95% O 2 /5% CO 2 (pH 7.4, 295-305 mOsm). The cerebellar cortex was glued onto a block of 3% agar. The agar block with the cerebellar cortex was trimmed and glued to the stage of a Vibratome (VT 1000s, Leica, Nussloch, Germany) so that the cerebellar cortex was cut in the frontal plane (coronal slices, 300 μm thick). The slices were incubated for ≥1 h in a chamber filled with 95%O 2 /5% CO 2 equilibrated ACSF at room temperature (24-25°C) prior to recording.
Imaging and electrophysiology
For calcium imaging, slices were submerged in a perfused recording chamber mounted below epifluorescence optics consisting of a ×10 water-immersion objective (NA=0.3; Nikon Microscope, Japan) and a ×1 projection lens (Leica Microsystems, Germany). The fluorescence excitation was delivered using a halogen lamp (Moritex, Japan) and a 470-to 490-nm excitation filter. Fluorescence light was filtered through a 505-nm dichroic mirror and a 520-to 540-nm band-pass filter. Images were acquired by a cooled chargecoupled device system (Sensicam; PCO Computer Optics, Germany) at a frame rate of 40 Hz for sweeps of 2 s. Data were recorded with macros under Image Pro (Media Cybernetics, Silver Spring, MD, USA) and with synchronized illumination control and stimulation via a Master 8 controller (A.M.P.I., Jerusalem, Israel). Color-coded maps of ΔF/F were obtained using custom-made macros under Image Pro (Media Cybernetic, Silver Spring, MD, USA). The time course of fluorescence bleaching was estimated using fluorescence measurements from nonresponsive areas or sweeps without stimulation. Fluorescence traces were divided by the normalized bleaching curve. Background fluorescence (e.g., fluorescence from parallel fibers below the stimulated parallel fibers) was not subtracted. For electrical stimulation, current pulses (200 μs, 10-100 μA) at 0.033 Hz (Figs. 3, 4 , 5, 6, and 7) or 0.05 Hz (Figs. 1 and 8) were delivered through a glass electrode mounted on a remote-controlled manipulator (Luigs and Neumann, Germany). The stimulating electrode containing ACSF (0.1-0.5 MΩ) was placed in the molecular layer of the cerebellar cortex for PF stimulation. Whole-cell patch clamp recordings from PN somata in coronal slices were performed on a standard fixed-stage microscope (Nikon Microscope, Japan) employing a ×60 water-immersion objective and DIC optics (Nikon Microscope, Japan). Patch electrodes (2-4 MΩ) contained a solution of the following composition (in mM); BAPTA (K 4 + salt) 30, HEPES 10, CaCl 2 15, KCl 5, MgCl 3.5, NaCl 4, sucrose 35, Na 2 ATP 4, and Na 2 GTP 0.4 (pH 7.3 with KOH, osmolarity adjusted to 300 mOsm). Cells were held in voltage clamp mode at −70 mV. Series resistance was monitored by applying voltage pulses (10 ms, 5 mV), and only cells with stable series resistance were included in the analysis. The LTD induction protocol was applied at least 30 min after establishing the whole-cell configuration in order to allow sufficient time for the diffusion of BAPTA into the dendritic tree. The ACSF 
All drugs were purchased from Tocris Cookson (Bristol, UK), except picrotoxin (Sigma-Aldrich, Japan) and H-89 (LC Laboratories, Woburn, MA, USA).
Results
Hz stimulation induced a CB1 receptor-dependent LTD at PF-PN synapses
We recently reported that stimulation of PFs with 120 pulses at 4 Hz induces LTP of presynaptic PF Ca 2+ transients (preLTP) and LTP of PF to PN synaptic transmission. We found that preLTP is protein kinase A (PKA)-dependent and requires the activation of an NMDA/ nitric oxide (NO) pathway [33] . In the course of this previous study, we noted that after the prevention of LTP by the PKA inhibitor H-89, 4 Hz stimulation caused a persistent depression of PF Ca 2+ transients (preLTD). In the present study, we characterize this novel form of PF LTD.
Because the observations made in Qiu and Knöpfel [33] were based on recordings made in mice that express the calcium sensor GCaMP2 in their parallel fibers, it could be argued that the presence of the calcium sensor may have altered PF calcium dynamics and plasticity. Paired-pulse ratio (PPR) at PF-PN synapses is a sensitive indicator of presynaptic calcium dynamics and its alteration by exogenous Ca 2+ buffers [3] but did not differ between wild-type (WT) and GCaMP2 mice (PPR at 50 ms interpulse interval, WT=2.11±0.07, n=14; GCaMP2=2.01±0.09, n=7, p= 0.4) [33] . We, therefore, concluded that calcium dynamics are not adversely affected by the presence of GCaMP2 in our mice. To exclude the possibility that the expression of preLTD is in any other way related to the presence of the fluorescent calcium sensor protein and to confirm that the LTD of presynaptic Ca 2+ transients translates into a LTD of PF-PN synaptic transmission under conditions where postsynaptic mechanisms of PF plasticity are clearly absent, we used standard intracellular patch clamp recording techniques in cerebellar slices prepared from WT mice. To efficiently prevent preLTP and postsynaptically expressed plasticity, recordings were performed in the presence of H-89 (10 μM) and L-NNA (10 μM) in the extracellular solution and an intracellular solution that contained 30 mM BAPTA.
Under these conditions, 4 Hz stimulation reliably induced LTD of PF EPSCs (60.2±5.0% of baseline at 40 min after 4 Hz stimulation, p=0.001, n=7; Fig. 1a,b ) and an increase in PPR (111.9±4.9% of baseline; last 5 min, p=0.024 vs. baseline, n=7; Fig. 1a ,c).
The amount of LTD of PF EPSCs reported in this study in the presence of 10 μM H-89 and 10 μM L-NNA in the extracellular solution and 30 mM BAPTA in the intracellular solution is larger than the LTD initially observed in the presence of only 10 μM H-89 [33] . This observation indicates that LTP at the PF-PN synapse is more efficiently prevented in the presence of both 10 μM H-89 and 10 μM L-NNA instead of 10 μM H-89 only. We did not investigate higher concentrations of H-89 to test if a more complete inhibition of PKA occludes the additional effect of L-NNA because with increasing concentration unspecific actions of H-89 become increasingly problematic. In addition, more efficient buffering of postsynaptic Ca 2+ more efficiently depressed any effects that are mediated by Ca 2+ -dependent postsynaptic mechanism and that may have limited the amount of LTD initially observed.
Parallel fibers express the endocannabinoid receptor CB1, and its activation mediates short-term plasticity at synapses onto PN and stellate cells [7, 18, 22] . It has been reported that production of endocannabinoids in PNs is required for cerebellar PF-PN postsynaptic LTD [36] . We examined whether CB1 receptors are involved in preLTD. Depression of EPSCs and increase in PPR did not occur in the presence of an antagonist at endocannabinoid CB1 receptors, 5 μM AM251 (EPSC=93.6±5.4% of baseline at 40 min after 4 Hz stimulation, unchanged from baseline, p=0.31, n=6; Fig. 1a ,b; PPR=98.1±2.7% of baseline; last 5 min, unchanged from baseline, p=0.384, n=6; Fig. 1a ,c).
Long-lasting depression of PF calcium transients
The increase in PPR following the induction of LTD at the PF-PN synapses by 4 Hz PF stimulation points toward a presynaptic expression mechanism. To directly monitor presynaptic mechanisms, we used a line of transgenic mice that selectively express the fluorescent protein calcium indicator GCaMP2 in cerebellar PFs [13, 14, 33] . In these mice, the indicator protein is not expressed in any other cellular element of the molecular layer, including Purkinje cells, molecular layer interneurons, and glial cells [13, 14] . Stimuli applied to the cerebellar molecular layer of slices prepared from these GCaMP2 mice induced fluorescence transients within a bundle of PFs that were not affected by antagonists of AMPA, NMDA, or mGlu1 glutamate receptors [13, 14] . They were, however, abolished by the removal of extracellular calcium [33] and strongly attenuated during application of the GABA B receptor agonist baclofen (10 μM; Fig. 2 ). Hence, we demonstrated that these fluorescence transients represent PF presynaptic Ca 2+ signals. Stimulation of PFs with 120 pulses at 4 Hz induces LTP of presynaptic PF Ca 2+ transients (preLTP) and LTP of PF to PN synaptic transmission [33] . To prevent the induction of preLTP, all Ca 2+ imaging experiments were performed in the presence of H-89 except for the experiments where we demonstrate that preLTD can also be uncovered by blocking NO synthase (NOS).
Single test pulses were delivered to the molecular layer at a frequency of 0.033 Hz to induce Ca 2+ transients within a bundle of PFs (Fig. 3a) . After 30 min of baseline recordings, PF were stimulated with 120 pulses delivered at 4 Hz and then the test stimulation was resumed. The 4-Hz PF stimulation (in the presence of H-89) induced a long-lasting depression of PF Ca 2+ transients (at 40 min after 4 Hz stimulation, 92.7±1.9% of baseline, p=0.007; Fig. 3a 1-3, b) . H-89 is a potent inhibitor of PKA but it is known that this substance also has non-PKA-mediated effects on several other kinase-and voltage-gated ion channels [12, 31, 41] that may lead to a misinterpretation of its effects described in this study. To confirm that the long-lasting depression of PF Ca 2+ transients is uncovered by preventing preLTP and not by some PKA-independent side effects, we examined whether the long-lasting depression of PF Ca 2+ transients could be induced when preLTP was instead prevented by blockade of NOS. The long-lasting depression of PF Ca 2+ transients was also observed when induction of preLTP was prevented by the NOS inhibitor L-NNA (100 μM) instead of H-89 (at 40 min after 4 Hz stimulation, 92.4±1.6% of baseline, p= 0.003, n=9, data not illustrated). These results indicate that long-lasting depression of PF Ca 2+ transients can be observed when preLTP is blocked.
Since this was the first indication that preLTD was possible at this synapse, we sought to establish the optimal induction protocol. First, we varied the stimulation frequency during induction (120 pulses delivered at 1, 2, 4, and 8 Hz). While 1-2 Hz stimulation did not induce a longlasting depression of PF Ca 2+ transients, stimulations at either 4 or 8 Hz were similarly effective to trigger the longlasting depression of PF Ca 2+ transients (Fig. 3b,c) . Notably, the same frequency dependence was previously revealed for preLTP [33] Secondly, we determined the number of stimulation pulses that is sufficient to induce a saturating amount of the long-lasting depression of PF Ca 2+ transients. We, therefore, varied the number of PF stimulation pulses delivered at 4 Hz and found that 30 or 60 pulses did not induce the long-lasting depression of PF Ca 2+ transients while 120, 240, and 480 pulses induced similar amounts of the long-lasting depression of PF Ca 2+ transients (Fig. 4a) . Finally, we varied the temporal patterns at which 120 pulses were delivered to PFs. Delivery of four pulses at 20 Hz repeated 30 times at 1 Hz or two pulses at 20 Hz repeated 60 times at 2 Hz did not induce a longlasting depression of PF Ca 2+ transients. Conversely, protocols that delivered two pulses at 20 Hz repeated 60 times at 4 Hz and one pulse repeated 120 times at 4 Hz efficiently induced a long-lasting depression of PF Ca 2+ transients (Fig. 4b) . Given the robust nature of the standard 120pulses/4 Hz stimulation pattern for induction of the long-lasting depression of PF Ca 2+ transients, we conducted all subsequent experiments using this protocol.
Long-lasting depression of PF Ca 2+ transients did not require mGlu4 or GABA B receptor activation or NO GABA B and mGlu4 receptors are expressed at PF presynaptic sites where they control the release of glutamate [15, 30] . The expression of preLTD could be caused by a persistent modification of the activity of these presynaptic receptors. To test whether blockade of mGlu4 receptors or GABA B receptors could prevent preLTD, we used the specific mGlu4 and GABA B receptor antagonists CPPG (10 μM) and CGP (10 μM). In the presence of either antagonist, the long-lasting depression of PF Ca 2+ transients was not significantly different from controls (at 40 min after 4 Hz stimulation: CPPG versus control, p= 0.882, n=9; Fig. 5a ; CGP versus control, p=0.84, n=8; Fig. 5b,d) . Induction of preLTP requires NO [33] . To test whether there is a corresponding requirement of NO for the long-lasting depression of PF Ca 2+ transients, we tested 4 Hz stimulation in the presence of an inhibitor of NOS, L-NNA. As shown in Fig. 5c , L-NNA (10 μM) did not prevent the induction of the long-lasting depression of PF Ca 2+ transients (90.3±1.8% of baseline at 40 min after 4 Hz stimulation, p=0.001, n=8). On the contrary, the amount of the long-lasting depression of PF Ca 2+ transients observed in the presence of 100 μM L-NNA was significantly larger than that of the controls (87.1±1.8% of baseline at 40 min after stimulation, p=0.049, n=5; Fig. 5c,d ). This observation correlates well with the observations made with intracellular recordings that revealed a larger preLTD when L-NNA was applied on top of H-89 (compare Figs. 1 and 7 in [33] ). Fig. 6a ). To test if CB1 receptor activation is sufficient to trigger preLTD, we tested the effect of bath application of the CB1 agonist, WIN55212-2 (2 μM). WIN55212-2 robustly reduced PF Ca 2+ transients, a reduction that persisted after washout of WIN55212-2 and even after subsequent addition of the CB1 receptor antagonist (Fig. 6b) . As an additional control experiment, we first applied AM251 (5 μM) and added WIN55212-2, as above, 40 min thereafter. In the presence of AM251, WIN55212-2 did not induce any depression of PF Ca 2+ transients (102.5 ± 2.9% of baseline at 40 min after application of WIN55212-2, p=0.699, n=6; Fig. 6b ), demonstrating that AM251 efficiently blocks the action of WIN55212-2 at the concentrations employed.
It is known that AM251 blocks the constitutive activity of CB1 receptors ("inverse agonist") and, therefore, it is not unexpected that the application of AM251 causes some increase of the PF calcium transients, by itself (c.f. Fig. 6a,  b) . This effect cannot, of course, explain the depression of the calcium transient after 4 Hz stimulation. However, it may be argued that the constitutive activity of the CB1 receptor rather than its activation is required for the induction or expression of PF-PN preLTD. To test for this possibility, we used the neutral CB1 receptor antagonist O-2050 [8] . Blockade of endocannabinoid CB1 receptors with 10 μM O-2050 prevented induction of preLTD (control= 88.3±3.5% of baseline at 40 min after stimulation; O-2050= 103.6±3.7% of baseline at 40 min after stimulation, p=0.012 vs. control, n=9; Fig. 6c) .
After the persistent WIN55212-2-induced depression of PF Ca 2+ transients, 4 Hz PF stimulation did not lead to any further depression (Fig. 6d) . Occlusion of the electrically induced preLTD by the CB1 agonist-induced persistent depression of PF Ca 2+ transients strongly suggested overlapping transduction pathways and demonstrated that the activation of CB1 receptors was sufficient to induce a longlasting depression of PF Ca 2+ transients (that is, stimulation of coincident PFs was not required). We conclude that CB1 receptor activation is both necessary and sufficient to induce a long-lasting depression of PF Ca 2+ transients.
Long-lasting depression of PF Ca 2+ transients was prevented by blockade of NMDA but not mGlu1 receptors
Where is the source of the endocannabinoids for the induction of this preLTD? PNs are known to generate and release endocannabinoids [7] , and more recently, molecular layer interneurons (stellate and basket cells) were shown to release endocannabinoids following PF stimulation [6, 37] . In contrast to the synaptically induced endocannabinoid release by PNs that specifically requires the activation of [7] , release from molecular layer interneurons is efficiently triggered by NMDA receptor activation and also, but less so, by mGlu1 receptor activation [6] . We found that the NMDA receptor antagonist D-APV prevented the long-lasting depression of PF Ca 2+ transients (100.1±1.5% of baseline at 40 min after stimulation, p= 0.805, n=7; Fig. 7a ), whereas 4 Hz stimulation in the presence of the mGlu1 receptor antagonist JNJ16259685 still induced a long-lasting depression of PF Ca 2+ transients (94.5±3.1% of baseline at 40 min after stimulation, p= 0.026; not different from the control, p= 0.62; n =7; Fig. 7b ). These results indicate that the long-lasting depression of PF Ca 2+ transients is NMDA receptordependent but mGlu1 receptor-independent and point toward interneurons as the source of the endocannabinoids.
Intracellular recordings from PNs demonstrated that preLTD was prevented by blockade of NMDA but not mGlu1 receptors As described above, the long-lasting depression of PF Ca 2+ transients was prevented by blockade of NMDA but not of mGlu1 receptors. It may be argued that these pharmacological effects may not be reflected when assessing LTD by intracellular recordings. To account for this conjecture, we performed intracellular recordings as described above.
In this set of experiments, 4 Hz stimulation under control conditions induced LTD of PF EPSCs (64.3±7.5% of baseline at 40 min after 4 Hz stimulation, p=0.007, n=7; Fig. 8a,b) and an increase in PPR (114.0±6.1% of baseline, last 5 min, p=0.01, n=7; Fig. 8a 3) . Depression of EPSCs and increase in PPR did not occur in the presence of 50 μM APV (EPSC=95.8±8.6% of baseline at 40 min after 4 Hz stimulation, unchanged from baseline, p=0.278, n=9; Fig. 8a 2; PPR=98.4±4.2% of baseline, last 5 min, unchanged from baseline, p=0.905, n=9; Fig. 8a 3) . However, depression of EPSCs and increase in PPR was not different from controls when the mGlu1 receptor antagonist JNJ16259685 was applied to the bath solution (EPSC=56.6±6.9% of baseline at 40 min after 4 Hz stimulation, p=0.408 vs. control, n=9; Fig. 8b 2; PPR= 109.8±5.0% of baseline, last 5 min, p=0.837 vs. control, n= 9; Fig. 8b 3) .
These results confirm that LTD monitored by intracellular recordings from voltage-clamped Purkinje cells is also blocked by APV and is insensitive to mGlu1 receptor blockade.
Discussion
The main result from this study is that 4 Hz PF stimulation can induce LTD of PF Ca 2+ transients and of PF-PN EPSCs via the activation of CB1 receptors. This is the first analysis of presynaptically expressed LTD at PF-PN synapses. Together with previous findings that identified presynaptically expressed presynaptic LTP at this synapse, this study firmly establishes a bidirectional presynaptic plasticity mechanism at PF synapses.
Methodological considerations
Our study takes advantage of transgenic mice that express the fluorescent calcium indicator in cerebellar granule cells, including parallel fibers. The expression pattern of the sensor protein together with the pharmacological properties of fluorescence transients obtained upon stimulation PF demonstrated that they report PF Ca 2+ transients. These transients have slower kinetics than the actual (volumeaveraged) PF calcium transients because of reporter kinetics [42] and not because of adverse slice conditions as GCaMP2 signals with comparable kinetics have been observed in PFs of living mice [14] . Furthermore, the expression level of GCaMP is low enough as to not buffer the PF Ca 2+ transients to a functionally significant degree because significant Ca 2+ buffering affects PF PPR, and this parameter did not differ between control and GCaMP2 mice. We confirmed the main conclusion of this study using conventional patch clamp techniques in WT mice (Figs. 1  and 8 ). In the present study, we demonstrated preLTD of EPSCs in WT mice while our preceding report on preLTP included a set of experiments that showed preLTD simultaneously monitored as depression of PF Ca 2+ transients and EPSCs (Fig. 7 in [33] ) in slices prepared from GCaMP2 mice. Thus, the preLTD of EPSCs reported in this study in nontransgenic mice also occurred in slices prepared from GCaMP2 mice. Finally, we confirmed the main pharmacological properties of directly (presynaptically) monitored preLTD (CB1 and NMDA receptor dependence, lack of requirement of mGlu1 receptors) using standard intracellular recording techniques.
Demonstration of preLTD
PreLTD has not been characterized before. The best explanation as to why this form of plasticity has been elusive up until now is that preLTP is induced with a largely overlapping induction protocol. Only when we pharmacologically prevented preLTP induction did we uncover preLTD. It should be mentioned that, in previous studies designed to test the importance of PKA in preLTP, preLTD was not highlighted [26, 27] with the exception of a note in our recent study of preLTP [33] . However, the work of Linden and coworkers used cultured cerebellar cells where the action of diffusible messengers such as the endocannabinoids could significantly differ from that seen in acute slice preparations. In our previous study, we observed a small but significant depression of PF-PN EPSCs following 4 Hz PF stimulation in the presence of H-89 [33] . The intracellular recordings performed in the present study were designed to further minimize any preLTP or postsynaptic plasticity (extracellular H-89 plus L-NNA to prevent preLTP and 30 mM BAPTA to prevent postsynaptic plasticity). Under these conditions, not only did we observe LTD of PF-PN EPSCs but this was accompanied by a clear increase in PPR. The increase in PPR is consistent with the more direct evidence provided by the LTD of the presynaptic Ca 2+ transients to establish a presynaptic expression locus of this form of PF-PN plasticity.
The role of endocannabinoids in cerebellar plasticity Endocannabinoid receptor-dependent forms of presynaptic LTD exist outside the cerebellum [10, 17, 35, 40] , and endocannabinoids are well-described in mediating shortterm plasticity in the cerebellum [6, 7, 22] . In contrast to the form of LTD described in this study, these CB1 The role of endocannabinoids in PF long-term plasticity had been less clear. It has been shown that climbing fiberevoked endocannabinoid signaling can suppress PF presynaptic LTP [43] . Regehr and coworkers found that CB1 receptor activation did not cause persistent modification of presynaptic PF mechanisms but proposed that CB1 receptors control the expression of postsynaptic PF-PN LTD [6, 36] . Their inference that endocannabinoids only affected postsynaptic PF-PN LTD was based on the assumption that there is only a postsynaptic form of LTD at this synapse and indirect evidence derived from the lack of change in PPR. Consistent with their results, we obtained only a small, statistically nonsignificant increase in PPR when preLTD was induced in slices without efficient block of preLTP [33] , while preLTD with a clear increase in PPR was observed in the presence of a mixture of NOS and PKA inhibitors (Fig. 1 ). Safo and Regehr [36] reported that the effects of WIN55212-2 on PF to PN synaptic transmission was fully reversible upon application of AM251, while we found that AM251 (at a concentration effective to block the effect of WIN55212-2) did not reverse the WIN55212-2-induced depression of PF calcium transients. The reason for this discrepancy is unclear.
More similar to our results, a presynaptically expressed form of endocannabinoid-dependent LTD has been suggested at parallel fiber to stellate cell synapses [37] . Our results, based on a direct assessment of PF presynaptic Ca 2+ transients, are consistent with the conclusion of the latter study.
The role of NMDA receptors in cerebellar plasticity NMDA receptor activation does not contribute to PF presynaptic Ca 2+ transients either during single or repetitive PF stimulation [13, 33, 39] . However, NMDA receptor activation was required for the long-lasting depression of PF Ca 2+ transients and preLTD induction (Figs. 7 and 8a ). Given that Purkinje cells are thought to express relatively low amounts of functional NMDA receptors [4, 21] and that only CF but not PF stimulation could induce an NMDA receptor current in PNs of adult rodents [32, 34] , while molecular layer interneurons are known for a rich expression of NMDA receptors [1, 9] , we propose that interneurons are the most likely source of NO for preLTP [33, 39] and of endocannabinoids [6] for pre LTD. Of course, we cannot exclude that 4 Hz PF stimulation also activates NMDA and/or mGlu1 receptors on PNs to some degree resulting in some release of endocannabinoids. If the LTD observed in PNs that were patch-clamped with a high concentration of a Ca 2+ chelator (30 mM BAPTA) in the intracellular solution (Figs. 1 and 8) was mediated by the release of endocannabinoids from PNs, one has to assume that this hypothetical release is Ca 2+ -independent or that neighboring PNs were the source of the endocannabinoid that triggered plasticity at the synapse of the patch-clamped PN. Also, preLTD did not require the pathway that involves mGlu1 receptors (that dominates over the NMDA receptor pathway in PNs; see [6] ) because preLTD was observed in the presence of an mGlu1 receptor antagonist (Figs. 7b and 8b ).
The role of diffusible messengers in cerebellar plasticity Our identification and characterization of preLTD together with our previous characterization of preLTP demonstrates that synaptic strength at the PF-PN synapse is bidirectionally plastic. Whereas postsynaptic PF-PN bidirectional plasticity relies on the activation pattern or strength of the input, in this study, it is the transduction pathway that defines the direction of the change of synaptic strength. It is the release and action of either NO (for LTP) or endocannabinoids (for LTD) that determines the direction of the change in synaptic efficacy. Endocannabinoids are unlikely to be released from PF and our previous results suggested that the NO implicated in preLTP is released from other cellular elements such as molecular layer interneurons. Since endocannabinoids and NO are both diffusible messengers, they can exert their actions beyond the spatial scale of single synapses (a situation that is often referred to as "volume transmission" [16] and, for this reason, we propose the term "volume plasticity" to describe this bidirectional presynaptic PF plasticity). Since volume plasticity will influence all synapses (of a given kind) within reach of the diffusible messenger, it could specifically affect localized representations (e.g., somatotopic maps) and local processing tasks ("microzone processing").
